The advancement in adaptive optics in recent years has increased the interest in the dynamic aberrations of the eye, including those introduced by the first optical surface provided by the tear film. A curvature sensing system to measure the dynamic topography of the tear film is described. This optical system was used to measure the aberrations of the tear film on 14 eyes. The evolution of this surface is monitored through videos of the tear film topography. The effect on optical quality is studied from the time-evolution of the RMS wavefront error showing non-negligible aberration variations attributed to the tear film layer; the effect of tear film break-up on the ocular optical quality is also discussed. Furthermore, the aberration maps are decomposed into their constituent Zernike components showing stronger contributions from 4th order terms, and also from those components with vertical symmetry which can be attributed to the effect of the eye lids on the tear film. Finally, the power spectra of the RMS wavefront error evolution show that the strongest contributions of the tear film aberrations are to be found at low frequencies, typically below 2Hz.
INTRODUCTION
The aberrations of the human eye have been studied for centuries, and the lowest-order aberrations, namely defocus and astigmatism, are well understood in the human eye. However, the study of wavefront aberrations has had considerable new input in the last decade, mostly because of the development of corrective refractive surgery and the advance of adaptive optics in ophthalmology. Specifically in adaptive optics, the dynamic aberrations are measured and corrected in closed-loop to minimize the wavefront aberrations, and for best correction, aberrations of a higher order than defocus and astigmatism must be corrected. [1] [2] [3] [4] [5] [6] [7] Studies have been made on the dynamic nature of these variations, [8] [9] [10] suggesting that, in varying degrees, eye movements, retinal pulsation, breathing, microfluctiations of the lens and variations in the tear film layer have an effect.
A better knowledge of the eye's aberrations is needed at this stage as wavefront sensing methods and retinal imaging techniques deal with higher-order, lower-amplitude aberrations than previous-generation instruments. Optimisation of the sampling grids in ocular aberrometry 11 depends in part on detailed knowledge of the typical aberrations introduced by an average eye. Similarly, if the equivalent of astronomical Multi-Conjugate Adaptive Optics (MCAO) is to be applied to the eye, it would be useful to be able to distinguish which ocular layers are contributing to the overall eye aberrations, and by how much.
In this work, we concentrate on studying the dynamic aberrations introduced by the tear film. The tear film is the first optical layer of the eye and the interface between air and tear film provides the strongest optical power in the whole eye because of its curvature (which is determined by the corneal curvature) and the large refractive index change. The tear film is mostly made up of water which means that this layer can easily change its topography depending on pressure exerted by the eye lids, eye movements and evaporation among other factors. Some stability to the tear film layer is provided by the outermost layer in the tear film, the lipid layer, which is excreted by the eye lids as they open after a blink.
Considerable work has been done on measuring the thickness of the tear film layer and its break-up time.
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However, in order to study the aberrations introduced by the tear film, it is its topography we are interested Further author information: (Send correspondence to S.G..) S.G..: Current address: Department of Optometry and Visual Science, City University, London, EC1V 0HB, UK, E-mail: steve.gruppetta@city.ac.uk, in. Dubra et al. 10 have studied this by using a lateral shearing interferometer and have shown non-negligible variations in the wavefront error with time. Montés-Micó et al. 15 used a commercial topographer to show a degradation of the optical quality after time intervals of 10s and 20s following a blink. We present a curvature sensor with which we can measure the wavefront aberrations due to the air-tear film interface at high bandwidth and high resolution.
CURVATURE SENSING
Curvature sensing is a wavefront sensing technique developed within an astronomical context by Roddier et al. 16 and is used in adaptive optics systems on some of the main telescopes. It is now being adapted for ocular measurements, both for whole eye aberration measurements, 17 and for the measurement of the tear film aberrations as presented in this paper.
The curvature sensor presented offers increased lateral and height resolution with respect to standard commercial corneal topographers because it is only limited in resolution by the size of cornea represented by 1 CCD pixel ((50 × 50)µm) and the bit resolution of the cameras. Curvature sensing also offers more reliable wavefront reconstruction than that reported for other interferometric systems. 10 The basic principle underlying curvature sensing is the following: The local curvature of the wavefront at the pupil plane (the plane which includes the interface between air and the tear film) can be obtained by measuring the changes in local intensity which arise due to propagation of the beam. 18, 19 Thus, if the intensity at the pupil (at z = 0) having a transmission function P (x, y) is I 0 , then the intensities at two planes which are at an axial distance of +∆z and −∆z respectively from the pupil plane are given by
for a paraxial beam propagating in the z−direction. We can use the irradiance transport equation for phase retrieval, 20 so that
where the intensity I ≡ I(x, y, z), the wavefront W ≡ W (x, y, z) and the operator ∇ ≡ (∂/∂x, ∂/∂y). Assuming uniform illumination within the pupil and no illumination elsewhere, then ∇I is non-zero only at the pupil edge, and if n is the outward unit vector perpendicular to the pupil edge and δ c is the Dirac delta function defined on the same pupil edge, then ∇I = −I 0 nδ c .
The signal S of the curvature sensor is the normalised difference of the two intensity measurements:
The wavefront is retrieved by solving the above Poisson equation using the Neumann boundary conditions. As a first approximation, the signal is taken to be the Laplacian of the wavefront and the first estimate of the wavefront is obtained by solving in the Fourier domain. Since the Laplacian operator ∇ 2 is equivalent to a multiplication by (u 2 + v 2 ) in the Fourier domain, where u and v are the coordinates in the Fourier domain, then the Fourier transform of the sensor signal is divided by (u 2 + v 2 ) and the inverse Fourier transform is calculated. Since the sensor signal, however, is the Laplacian multiplied by the pupil function, the wavefront W obtained is only an approximation and the signal boundaries should be taken into account. This is done by using a Gershberg-type algorithm. 21 The algorithm sets constraints to the wavefront at each iteration, both in the direct space and in the Fourier space. In the direct space, ∂W/∂x and ∂W/∂y are computed from the approximate wavefront W in a narrow band outside the signal boundaries and then ∂W/∂n is set equal to zero so that only the tangential component of the gradient remains in this band. This satisfies the Neumann boundary condition required. The Laplacian of this band outside the boundaries is then calculated. The original signal is placed within the signal boundaries and this modified sensor signal with extrapolated boundaries is used to iterate the procedure. Thus, in the Fourier domain, the modulus is constrained to the values obtained from the actual measurements, except at very low frequencies. Iterations are repeated until the wavefront converges to within the desired error.
Optical setup of the curvature sensor
The optical system used is shown in Fig. 1 . A halogen lamp is used as an incoherent light source with a filter which transmits lights at (600±40)nm. The light intensity incident on the cornea is 400nW, well below the safety levels established by the European standard EN 60825-1;1994. A collector lens focuses the light onto a pinhole and a 70:30 beamsplitter couples the light onto a photographic objective lens (f = 50mm, f/1.2) which focuses the light onto the centre of curvature of the subject's cornea. The light reflected from the interface between the air and the tear film follows a return path identical to the incident beam, though the wavefront is aberrated due to the deviation of the tear film surface from a perfect sphere. This reflected beam is split by a 50:50 beamsplitter and two achromatic doublets (f = 50mm) are used to collimate the beams onto two CCD cameras. The distances between the collimating lenses and the CCD cameras are set such that the cameras are conjugate to planes which are at +∆z and −∆z respectively from the plane containing the air-tear film interface. ∆z is proportional to the contrast between the intensity at the two measuring planes, and inversely proportional to the local curvature C, and is given by ∆z = /2C. 18 The smallest detectable curvature value was chosen to be C = 8m −1 which corresponds to an elevation of 0.01µm over a corneal area of (50 × 50)µm corresponding to one CCD pixel. Using a contrast of = 5% which is determined by the noise level of the CCD cameras, we obtain a value for ∆z of 3mm. Larger curvatures will produce a higher contrast for this value of ∆z and will thus be detected. Since equations 1 and 2 are exact only in the limit ∆z → 0, accuracy in the wavefront reconstruction is lost as ∆z increases, hence the smallest value obtained above will be used. A one-off calibration was achieved first by placing a plane mirror at the focus of the objective to measure aberrations inherent to the optical system, then by measuring surfaces of known topographies. The measurement error of the setup is of 0.005µm, an accuracy of 0.08µm and a repeatability between measurements of 0.02µm. The system was used to measure the dynamic topography of the tear film on human eyes, as described below. The advantage of this technique is that it enables fast and continuous acquisition with simple and accurate wavefront reconstruction which allows the monitoring of the dynamic tear film surface. The topography elevation values are multiplied by the difference in refractive indices of air (n = 1.000) and the tear film (n = 1.337) to give the wavefront transmitted through the tear film. This does not take into account inhomogenieties in the tear film layers (in particular the varying thickness of the lipid layer) which have different refractive indices. All further references to tear film wavefronts in this paper refer to the transmitted wavefronts.
MEASURING THE DYNAMIC TEAR FILM ABERRATIONS
Data was collected for 14 subjects with no tear abnormalities; several series of tear film wavefronts were recorded for each subject. Most of the subjects were non-contact lens wearers, and for the 2 soft contact lens wearers data was collected with and without the lens worn.
The data was collected by asking the subjects to place their heads on a chin rest and head support to minimize the head movements. Their left eye was illuminated by the curvature sensor as discussed above. With their right eye they could view a computer screen through a mirror placed in the line of sight of the right eye when the subject is looking straight ahead. On the computer screen, the subjects could view a disk obtained from one of the CCD cameras and they could use this as their alignment guide and fixation target. Data was collected over a 4mm pupil size at a bandwidth of 22Hz. Series 15s long were collected, however only segments of these series were used depending on how well the subjects could fixate and keep their cornea on axis within a tolerance range. Since the system was very sensitive to eye movements, this tolerance range was very small: ±150µm from the measuring position in the horizontal and vertical directions (< 8% of the pupil diameter), and ±300µm in the axial direction. This sensitivity ensures that for the data collected, the positioning of the eye is very accurate and movements are kept to a minimum; the drawback however is that this makes data collection harder since, even using a chin rest and a restrictive head rest, it is not straightforward for subjects to keep their eyes within the required range. The changes in aberrations measured for a calibrating surface when translated across these tolerance ranges was found to be negligible with respect to the measured tear film aberration changes. In addition, typical power spectra of the aberration changes, which are discussed later, do not show particularly strong contributions in the 2-3Hz region which would correspond to microsaccadic eye movements.
The series of tear film wavefronts obtained vary in length between 2s and 15s depending on how long the subject was able to keep within the required range for data acquisition. Videos were obtained showing the wavefront aberrated by the tear film after the removal of first and second order Zernike terms. Figure 2 shows individual frames from such videos, and the entire videos have been presented elsewhere. 22 The acquired images also allowed the observation of the effect of blinking on the tear film immediately before and after the blink, as shown in Fig. 3 . Figure 4 shows the typical evolution of the RMS wavefront error after removal of first and second order Zernike terms. The static component of these plots is largely due to corneal aberrations, whereas the dynamic component is due to the tear film dynamics. In Fig. 4(c) , the evolution of the RMS wavefront error is shown for subject 6 with and without soft contact lenses worn, showing a higher RMS error value and larger variations when the contact lens was worn. The number of contact lens wearers in the group of subjects was however too small to analyse further the effect of contact lenses on the tear film. Average values for the RMS error evolution were calculated over the series of data collected. Figure 5 shows two plots representing the average RMS evolution over all series 2s and 6s in length respectively. These plots show a relatively constant trend due to the large inter-subject variablilty, as shown by the standard deviation on the plots. Longer acquisition times were not possible due to the prolonged accuracy in eye positioning required, and hence trends for longer time intervals are not available. Different trends might also be observed for pupil sizes larger than the largest pupil possible in this study (4mm) as suggested by Montés-Micó et al.. 15 Tear film break-up was not measured in this study. A future study combining this setup with measurement of the tear film break-up would give further knowledge on the effect of break-up on the tear film topography. 
RESULTS

Zernike polynomial decomposition of the series of wavefronts
To obtain a better insight into the varying tear film aberrations, the series of wavefronts obtained were decomposed into Zernike polynomials. Figure 6 shows the evolution of Zernike terms for orders 3 to 6 for the series for subject 11 represented in Fig. 4(b) . The figure shows that the strongest contributions are due to the lower orders, particularly the 4th order terms. This can also be seen from the histograms in Fig. 7 representing the Zernike coefficients averaged over all frames of all 2s and 6s series; the average 4th order coefficient is 2.9 times larger than the average 5th order coefficient for the 6s series. Figure 6. Typical evolution of Zernike terms for the 3rd and 4th orders (left) and the 5th and 6th orders (right) for subject 11.
The histograms in Fig. 7 also indicate differences between the positive and negative azimuth orders showing higher contributions to the wavefront aberrations of the positive azimuth orders which represent aberrations with vertical symmetry. This can be seen, for example, with the coefficient representing fourth order coma at 0
• , Z 2 4 which for the 6s series is 84% larger than its counterpart at 45
, and similarly with tetrafoil at 0 • and at 45
• , Z 4 4 and Z −4 4 respectively, with the former being 48% larger. This asymmetry can be attributed to the pressure exerted in the vertical direction by the upper and lower eyelids on the tear film contributing to larger components in this direction. Zernike term Zernike coefficient/microns
Figure 7. Magnitudes of the Zernike coefficients averaged over all 2s long series (left) and 6s long series (right) collected, with the average of the standard deviations representing variations within each series.
The wavefronts measured were also compared with wavefronts reconstructed using different numbers of Zernike orders. The RMS difference between the original and reconstructed wavefronts are shown in Fig. 8(a) showing good convergence after the first few orders. Nevertheless, we can see that certain tear film features are not well represented even by reconstructed wavefronts upto the 9th Zernike order, as shown in Fig. 8(b) and (c) which represent respectively a measured wavefront and the reconstructed wavefront. For example, the small dark patch towards the upper left of the pupil in the original is absent in the reconstructed wavefront. 
Frequency domain analysis
In order to look at the temporal frequency contributions of the tear film aberrations, the power spectra of the RMS wavefront error plots shown in section 4 were computed. A typical power spectrum obtained is shown in Fig. 9 . From the linear axis plot we can observe that the strongest contributions to the tear film aberration changes are due to the lower frequencies, typically lower than 2Hz. Such changes are within the scope of most adaptive optics systems which run at closed loop bandwidths of the order of 2-5Hz. 1, 3, 5, 6 However, the comparison of the power spectrum with the noise threshold of the system (determined by calculating the power spectrum obtained from a static surface), as shown in the logarithmic axis plot in Fig. 9 , shows that there are measurable contributions to the tear film aberrations at least up to 11Hz, which is the highest frequency measurable in this work. The presence of these higher frequency components might corroborate the argument for using higher closed loop bandwidths in adaptive optics systems, 4 though the improvement in optical quality this would bring might be small, especially in relation to the higher technical challenges required for running at higher bandwidths. It should be noted that frequencies just below the Nyquist frequency are boosted by aliasing effects due to frequencies just above this frequency. Furthermore, a similarity can be noted between the power spectrum obtained for tear film variations in this work and those obtained elsewhere for overall dynamic eye aberrations. Frequency (Hz) Power (normalised coordinates) Figure 9 . Power spectrum of the RMS wavefront error variation for subject 11: linear axis plot on the left and a log-log plot on the right together with the power spectrum obtained with a static calibration surface (dotted.) A least squares error linear fit was applied to these spectra.
CONCLUSIONS
A new application of curvature sensing has been described in this paper to measure the dynamic aberrations introduced by the tear film layer in the human eye. Data was collected from a group of healthy eyes and the aberration dynamics of the tear film for each series were studied. The contributions of the tear film to the overall eye aberrations is non-negligible, and the strongest contributions were due to 4th order Zernike terms, in particular those with vertical symmetry. The dominant aberrations are the low-frequency aberrations.
